2؉ entry is usually thought to occur via capacitative or store-operated Ca 2؉ channels. However, at physiological levels of stimulation, where Ca 2؉ store depletion is only transient and/or partial, evidence has suggested that an arachidonic aciddependent noncapacitative Ca 2؉ entry is responsible. Recently, we have described a novel arachidonate-regulated Ca 2؉ -selective (ARC) conductance that is entirely distinct from store-operated conductances in the same cell. We now show that these ARC channels are indeed specifically activated by low agonist concentrations and provide the predominant route of Ca 2؉ entry under these conditions. We further demonstrate that sustained elevations in cytosolic Ca 2؉ , such as those resulting from activation of store-operated Ca 2؉ entry by high agonist concentrations, inhibit the ARC channels. This explains earlier failures to detect the presence of this noncapacitative pathway in experiments where storeoperated entry had already been fully activated. The result is that the respective activities of ARC and storeoperated Ca 2؉ channels display a unique reciprocal regulation that is related to the specific nature of the [Ca 2؉ ] i signals generated at different agonist concentrations. Importantly, these data show that at physiologically relevant levels of stimulation, it is the noncapacitative ARC channels that provide the predominant route for the agonist-activated entry of Ca 2؉ .
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An enhanced entry of Ca 2ϩ from the extracellular medium plays a critical role in the generation and modulation of intracellular Ca 2ϩ signals ([Ca 2ϩ ] i ) 1 resulting from the activation of receptors coupled to the activation of phospholipase C in nonexcitable cells (1) (2) (3) . Such entry is usually thought to occur via capacitative or store-operated Ca 2ϩ (SOC) channels whose activation is dependent on the emptying of agonist-sensitive intracellular Ca 2ϩ stores (4 -7) . Direct electrophysiological measurements of such a Ca 2ϩ -selective conductance activated by depletion of the intracellular Ca 2ϩ stores were originally made in mast cells and in Jurkat lymphocytes (8 -10) , where the measured current was named I CRAC (for calcium release-activated calcium current). CRAC channels therefore represent an archetypal SOC channel. As such, the capacitative entry of Ca 2ϩ appears to be a virtually ubiquitous feature of cells and has been demonstrated to play a key role in determining the amplitude of the sustained elevations in ([Ca 2ϩ ] i ) seen after maximal stimulation with appropriate agonists, and in the refilling of agonist-sensitive stores on the termination of such signals. Responses to low agonist concentrations, however, are typically characterized by the generation of an oscillatory [Ca 2ϩ ] i signal in which intracellular Ca 2ϩ stores are only transiently and/or partially depleted (11, 12) . Under these circumstances, the receptor-activated entry of Ca 2ϩ typically modulates the frequency of such signals (13) (14) (15) . Because oscillatory [Ca 2ϩ ] i signals are not associated with the sustained depletion of agonist-sensitive intracellular Ca 2ϩ stores that appears necessary to activate CRAC channels, it has been questioned whether the capacitative mechanism can operate to regulate Ca 2ϩ entry under these circumstances (16) . Instead, in a variety of different cell types, Ca 2ϩ entry during such oscillatory Ca 2ϩ signals has been shown to be independent of the depletion of intracellular Ca 2ϩ stores (i.e. noncapacitative) and dependent on the generation of arachidonic acid (17) (18) (19) (20) (21) (22) . Recently, using HEK293 cells stably transfected with the human m3 muscarinic acetylcholine receptor (m3-HEK cells), we reported the presence of a small inward Ca 2ϩ -selective current that was activated by the exogenous addition of low concentrations of arachidonic acid (AA) (23) . This AA-dependent current (named I ARC for arachidonate-regulated calcium current) shares many features with the endogenous store-operated Ca 2ϩ -selective current (I SOC ) recorded in the same cells. These include a similar whole-cell current magnitude, high selectivity for Ca 2ϩ , marked inward rectification, inhibition by La 3ϩ , and development of a monovalent permeability upon the removal of extracellular divalent cations (23) . However, despite these superficial similarities, several lines of evidence demonstrate that I ARC and I SOC represent entirely distinct conductances. Critically, activation of I ARC is absolutely dependent on the generation or addition of arachidonic acid and is entirely independent of store depletion. Moreover, I ARC and I SOC are additive in the same cell, and I ARC can be readily activated in cells whose Ca 2ϩ stores have been maximally depleted (e.g. by treatment with thapsigargin) (23) . Unlike both I CRAC and the endogenous I SOC , I ARC shows no Ca 2ϩ -dependent fast inactivation and is largely insensitive to reductions in extracellular pH (23) . Other marked differences include the ratio of the magnitudes of the Ca 2ϩ -selective currents seen under normal conditions to the larger monovalent ion (Na ϩ ) currents that develop in the nominal absence of external divalent cations (23) and the effects of substitution of internal Cs ϩ with Na ϩ on the magnitude of the Ca 2ϩ current (see below). Interestingly, a recent study in Chi-* This work was supported by National Institutes of Health Grant GM 40457 (to T. J. S.). The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
‡ nese hamster ovary cells has indicated that while I SOC is severely impaired in cells expressing a mutant presenilin gene, I ARC is unaffected (25) . Finally, while Ca 2ϩ -sensitive adenylyl cyclases have been shown to be uniquely sensitive to Ca 2ϩ entering via the capacitative pathway (26) , they fail to respond to Ca 2ϩ entering via the ARC channels (27) . Importantly, this eliminates the possibility that arachidonic acid merely modifies the properties of the endogenous SOC channels and shows that the two conductances must represent entirely physically distinct and spatially separate entities.
There is therefore a variety of biophysical, biochemical, and pharmacological data to indicate that these two conductances represent the activities of distinct channels. I ARC therefore represents a novel Ca 2ϩ entry pathway that is entirely distinct from those activated by store depletion and probably accounts for the AA-dependent noncapacitative entry of Ca 2ϩ seen in a variety of cells at low agonist concentrations. Importantly, this novel conductance is not unique to HEK cells, since its presence has also been demonstrated in Chinese hamster ovary cells (25) and in RBL cells. 2 Moreover, its presence is not limited to immortalized cells, since we have recently observed an identical current in acutely isolated mouse parotid cells. 3 Significantly, the parotid cell is a tissue that played a key role in the original establishment of the capacitative model of Ca 2ϩ entry (28) .
In this study, we attempt to identify and define the specific role of this novel conductance in Ca 2ϩ signaling in cells and, in particular, its relationships with the more widely studied storeoperated conductance represented by I SOC .
EXPERIMENTAL PROCEDURES
Materials-Arachidonic acid and isotetrandrine were purchased from BioMol, and adenophostin A was purchased from Calbiochem. All other chemicals were from Sigma.
Cell Culture-HEK293 cells stably transfected with the human m3 muscarinic receptor were cultured under standard conditions in Dulbecco's modified Eagle's medium supplemented with 10% calf serum and antibiotics at 37°C in a humidified atmosphere of 95% air and 5% CO 2 (19) . The day before experimentation, cells were plated onto glass coverslips that formed the bottom of a perfusion chamber (Warner, Hamden, CT).
Electrophysiology-Patch clamp recordings in the whole-cell mode were performed as previously described (23) . Unless otherwise stated, internal solutions contained 140 mM Cs ϩ acetate, 10 mM NaCl, 1.22 mM MgCl 2 , 5 mM EGTA, 10 mM HEPES (pH 7.2). Where required, CaCl 2 was added to this solution to achieve the desired free Ca 2ϩ concentration as computed with Maxchelator (29) . Extracellular solutions contained 140 mM NaCl, 1.2 mM MgCl 2 , 10 mM CaCl 2 , 5 mM CsCl, 10 mM D-glucose, 10 mM HEPES (pH 7.4) unless otherwise specified. Both MgCl 2 and CaCl 2 were omitted from this solution for the experiments involving divalent-free external solutions, and the osmolarity (320 mosmol/liter) was maintained with additional D-glucose. The experiments involving perforated patch protocols used amphotericin B (200 g/ml) in the pipette solution as previously described (30) . After stable macroscopic currents were obtained in this mode, the "classic" whole-cell configuration was achieved by rupturing the patch with brief application of negative pressure to the inside of the pipette. Leak currents (mean value ϭ 0.03 Ϯ 0.03 pA/pF at Ϫ80 mV, n ϭ 50) were determined from the average of five voltage ramps obtained at 2-s intervals on initially going whole-cell and were subtracted from the recorded current-voltage traces as appropriate.
[ quench were carried out essentially as previously described (17) . Briefly, cells were loaded with the fluorescent probe indo-1 by incubation in indo-1/AM (4 M for 12 min), washed in saline, and then further incubated in saline (30 min at 37°C) to allow for complete hydrolysis of the acetoxymethylester. [Ca 2ϩ ] i was determined as the ratio of the emitted fluorescence, measured as photon counts, at 405 and 485 nm using excitation at 350 nm. Simultaneous determination of the rate of Mn 2ϩ quench used the adjusted total fluorescence protocol described previously (17, 31) . The external Mn 2ϩ concentration used was 0.05 mM, a concentration that we have shown has no detectable effect on Ca 2ϩ entry. Determinations of arachidonic acid generation were as described previously (17, 19 (17, 19, 23) . These concentrations are within the typical range of the K m for the intracellular cyclo-oxygenases and lipoxygenases responsible for metabolizing arachidonic acid (32) , suggesting that cytosolic levels of arachidonic acid are likely to achieve such concentrations in vivo. We have also demonstrated that low concentrations of agonist activate a type IV phospholipase A 2 , resulting in the increased generation of arachidonic acid (33) . Nevertheless, the cytosolic concentration of arachidonic acid resulting from such an activation is uncertain, particularly since a large proportion of the fatty acid will undoubtedly partition into the membrane. Consequently, despite the considerable evidence that I ARC underlies the noncapacitative entry of Ca 2ϩ seen at low concentrations of agonists, direct activation of I ARC by agonists has not yet been demonstrated. Moreover, it has recently been suggested that the effects of exogenous addition of the fatty acid may not accurately reflect the behavior of the same molecule generated endogenously within the cell as a result of receptor activation (22) . It should be pointed out, however, that this conclusion was based on experiments utilizing very high concentrations of exogenous arachidonic acid (Ͼ30 M), a concentration that is some 4 -5 times the reported critical micellar concentration for arachidonic acid in saline (34) and that has been shown to cause significant changes in membrane fluidity in other cells (35) . Nevertheless, the key question remains: do appropriate concentrations of agonists generate sufficient arachidonic acid to actually activate the ARC channels? To address this, we used a protocol based on our demonstration of the additive nature of the two Ca 2ϩ -selective conductances (I ARC and I SOC ) in the same cell (23) . Whole-cell currents in m3-HEK cells were recorded using standard patch clamp techniques and hyperpolarizing voltage pulses to Ϫ80 mV applied from a holding potential of 0 mV. I SOC was first maximally activated by using a Ca 2ϩ -free pipette solution containing the high affinity InsP 3 -receptor agonist adenophostin A (2 M) (36) . Adenophostin A has previously been shown to be particularly effective at depleting the internal Ca 2ϩ stores and activating store-operated Ca 2ϩ entry in a variety of different cell types (37) (38) (39) . Under these conditions, inward currents measured at Ϫ80 mV developed rapidly after going whole-cell (Fig. 1A) . Experiments showed that this current remained stable for periods of at least 4 -5 min after reaching a steady state (not shown). These currents showed all of the features characteristic of the previously described endogenous I SOC of m3-HEK cells including current density (0.64 Ϯ 0.06 pA/pF, n ϭ 12), inward rectification, and reversal potentials significantly more positive than ϩ30 mV (23) . Similar magnitude currents were obtained by pretreating the cells with thapsigargin (1 M for 15 min), confirming that the above protocol resulted in a maximal activation of I SOC (23) . The subsequent addition of a low concentration (0.5 M) of the muscarinic agonist carbachol (CCh) resulted in the development of an additional inward current at Ϫ80 mV (Fig. 1A) . The observed increase in inward current was entirely dependent on activation of muscarinic receptors, since no increase in current was seen when CCh was added in the presence of atropine (Fig.  1B) . Examination of the current/voltage relationship for this additional current after subtraction of the underlying I SOC (see Fig. 1C ) revealed that the current displayed marked inward rectification and a positive reversal potential (Ͼϩ30 mV) (Fig.  1D ). The absolute dependence of this current on muscarinic receptor activation and the characteristic features of the I/V curve, together with the stability of the underlying I SOC (see above), argue against the possibility of any changes in nonspecific leak currents contributing significantly to the development of the observed current.
To investigate the identity of this CCh-activated current, we first examined its dependence on arachidonic acid generation using the biscoclaurine alkaloid isotetrandrine, which inhibits the receptor activation of arachidonic acid generation but does not affect the simultaneous stimulation of phospholipase C (19) . In cells exposed to 10 M isotetrandrine, the magnitude of I SOC was unaffected (0.59 Ϯ 0.04 pA/pF versus 0.62 Ϯ 0.04 pA/pF, n ϭ 7 and 14, respectively). In contrast, the subsequent CCh-activated current was almost completely, but reversibly, inhibited (from 0.39 Ϯ 0.02 to 0.08 Ϯ 0.02 pA/pF, n ϭ 8 and 9, respectively) (Fig. 2, A and B) . Moreover, this inhibition of the CCh-activated current was readily reversed upon washing out the isotetrandrine. This indicates that the current activated by CCh under these conditions is dependent on the generation of arachidonic acid and is therefore likely to be I ARC . Such data are consistent with our previous findings that the oscillatory [Ca 2ϩ ] i signals produced at these same low agonist concentrations are acutely dependent on an isotetrandrine-sensitive entry of Ca 2ϩ (19) . To confirm this, we examined the CCh-activated current for certain of the key features mentioned above that critically distinguish I ARC from the endogenous I SOC observed in the same cells. First, we examined the CCh-activated current for the presence of fast inactivation. Such fast inactivation is a characteristic feature of both the archetypal storeoperated conductance I CRAC (40) and the endogenous I SOC in m3-HEK cells, but it is absent in I ARC (23) . Measurement of the change in the CCh-activated current during 250-ms pulses to Ϫ80 mV revealed the complete absence of any fast inactivation (Fig. 3A) , a response that is essentially identical to the response seen in I ARC activated by the exogenous addition of arachidonic acid. In marked contrast, similar measurements of I SOC revealed a characteristic fast inactivation. We next used a protocol involving substituting Na ϩ for Cs ϩ in the pipette solution. Although the underlying reasons are unclear, preliminary experiments had indicated that this substitution markedly enhanced the store-operated currents in the m3-HEK cells. Consistent with these preliminary observations, replacing Cs ϩ in the pipette solution with Na ϩ increased the magnitude of the measured I SOC by ϳ70% from 0.62 Ϯ 0.04 to 1.0 Ϯ 0.11 pA/pF (mean Ϯ S.E., n ϭ 14 and 10, respectively). However, the same maneuver was completely without effect on the magnitude of I ARC when activated by the addition of exogenous arachidonic acid (0.60 Ϯ 0.07 and 0.61 Ϯ 0.09 pA/pF, n ϭ 9 and 4, respectively) (Fig. 3B) . Importantly, the same substitution also failed to affect the magnitude of the CCh-induced current activated after maximal activation of I SOC (0.39 Ϯ 0.02 and 0.41 Ϯ 0.05 pA/pF, n ϭ 8 and 5, respectively) (Fig. 3B) . This indicates that the CCh-activated current represents a conduct- ance distinct from I SOC and is consistent with it being I ARC . Finally, like CRAC channels (9, 41, 42) and voltage-gated Ca 2ϩ channels (43, 44) , both ARC and SOC conductances display a monovalent (Na ϩ ) permeability in the nominal absence of external divalent cations (23, 24) . However, whereas the Na ϩ / Ca 2ϩ current ratio for SOC channels is Ͻ20, the corresponding value for ARC is ϳ40 ( Fig. 3D ; see also Ref. 24) . To examine this parameter for the CCh-activated current, the protocol illustrated in Fig. 1A was repeated in the nominal absence of external divalent cations. Under these conditions, the monovalent (Na ϩ ) current through the SOC channels activates rapidly upon removal of external divalent cations and then spontaneously inactivates ( Fig. 3C ; see also Ref. 24) . A similar response has been reported in the CRAC channels of Jurkat cells (41, 42) , with the only significant difference being that the inactivation of the current in m3-HEK cells is not dependent on the absence of internal Mg 2ϩ ions (24) . Fig. 3C shows that the subsequent addition of CCh (0.5 M) after spontaneous inactivation of the monovalent SOC current is complete, induces the development of a new monovalent current whose magnitude is significantly larger than the corresponding SOC current in the same cell. The magnitude of this CCh-activated monovalent (Na ϩ ) current was 18.3 Ϯ 1.1 pA/pF (mean Ϯ S.E., n ϭ 3), giving a Na ϩ /Ca 2ϩ conductance ratio for this current of 45.7 Ϯ 9.0, a value not significantly different from that obtained for I ARC and more than twice that seen for I SOC (Fig. 3D ). In conclusion, the CCh-activated current is entirely dependent on the generation of arachidonic acid, shows no fast inactivation, is unaffected by substituting internal Cs ϩ with Na ϩ , and has a Na ϩ /Ca 2ϩ current ratio (the former measured in the nominal absence of divalent cations) greater than 40. Moreover, it can be activated after maximal activation of I SOC (i.e. the two FIG. 2 . Isotetrandrine dependence of the CCh-activated current. A, representative trace illustrating the inhibition of the CChactivated current measured at Ϫ80 mV by external isotetrandrine and its recovery upon the removal of isotetrandrine. Exposure of the cell to 10 M isotetrandrine (black bar) fails to affect the normal development of I SOC upon going whole-cell with 2 M adenophostin in the pipette solution. However, the subsequent addition of 0.5 M CCh (hatched bar) in the continued presence of isotetrandrine fails to induce any additional current. Only after removal of the isotetrandrine did the normal carbachol-activated current develop. B, summary of the effect of isotetrandrine on SOC and CCh currents. Data represent inward currents measured at Ϫ80 mV in the absence (open columns) and presence (filled columns) of isotetrandrine (10 M), respectively. The hatched column represents the recovery of the carbachol-activated current upon washout of isotetrandrine (see A). Carbachol-activated (0.5 M) currents were determined after maximal activation of store-operated currents as described (see Fig. 1 ). Values are mean Ϯ S.E. (n ϭ 7-14). 5-14) . C, representative trace comparing the magnitude of monovalent (Na ϩ ) SOC currents and CCh-activated currents in the same cell. The trace shows the development of the monovalent current measured at Ϫ80 mV through maximally activated SOC channels upon switching to a nominally divalent cation-free bath solution (arrowhead), followed by the spontaneous inactivation of this current. The subsequent addition of CCh (0.5 M; indicated by a black bar) induces the development of a new monovalent current whose magnitude is significantly larger than the corresponding SOC current in the same cell. SOC currents were maximally activated by adenophostin A as described above. D, sodium/ calcium current ratios for SOC, ARC, and CCh-activated currents. In each case, maximal sodium current densities were measured at Ϫ80 mV by whole-cell patch clamp in the nominal absence of external divalent cations. SOC, ARC, and CCh-stimulated currents were activated as described above. The mean Ϯ S.E. values obtained for the monovalent (Na ϩ ) currents were 11.7 Ϯ 1.6 pA/pF for SOC, 25.3 Ϯ 3.3 pA/pF for ARC, and 18.3 Ϯ 1.1 pA/pF for the CCh-activated current. These values were divided by the corresponding values obtained for the Ca 2ϩ -selective current measured as described to obtain the Na ϩ /Ca 2ϩ current ratios. currents are additive). All of these features lead us to conclude that the observed CCh-activated current reflects the activity of the ARC channels.
Significant activation of the CCh-activated current, now identified as I ARC , was seen with CCh concentrations as low as 0.2 M and reached a maximum value at 1 M CCh (0.46 Ϯ 0.03 pA/pF, n ϭ 10, measured at Ϫ80 mV) (Fig. 4A) . Use of concentrations below 0.2 M was precluded by the very small overall current magnitudes being detected. Interestingly, determinations of changes in cytosolic Ca 2ϩ indicate that the initiation of detectable [Ca 2ϩ ] i signals in the same cells occurs over the same concentration range. At such agonist concentrations, previous evidence has indicated that the agonist-enhanced entry of Ca 2ϩ is noncapacitative and entirely dependent on the generation of arachidonic acid (17, 19) . Only at higher CCh concentrations (above 1 M) are sustained elevations in [Ca 2ϩ ] i observed, indicative of a prolonged depletion of intracellular stores and the associated activation of capacitative Ca 2ϩ entry. Based on the above, we conclude that low agonist concentrations (Ͻ1 M CCh) are specifically associated with the activation of I ARC , and only at higher concentrations when the intracellular stores become depleted does I SOC become activated.
The Contributions of ARC and SOC Channels to Overall Ca 2ϩ Entry at Low and High Agonist Concentrations-Given that the two conductances I ARC and I SOC are additive, we would predict that the addition of agonist (thereby activating I ARC ) after maximal activation of I SOC with thapsigargin should result in a marked increase in the Ca 2ϩ signal. However, this is not supported by data from a variety of different cell systems in which such a maneuver fails to significantly increase [Ca 2ϩ ] i . Indeed, such data played a critical role in establishing the dogma that the capacitative pathway was the sole mechanism responsible for the agonist-induced increase in the entry of Ca 2ϩ in nonexcitable cells. Interestingly, one of the first demonstrations of this was in the parotid cell (28) , where, as noted above, we have now specifically demonstrated the presence of I ARC . To explore this paradox further, we examined the rates of Ca 2ϩ entry in the m3-HEK cells at low and high agonist concentrations using Mn 2ϩ quench of indo-1 fluorescence as a measure of Ca 2ϩ entry (Fig. 4B) . In cells exposed to 1 M CCh (at which I ARC is maximally activated; see Fig. 4A ), the rate of Mn 2ϩ quench was 2.43 Ϯ 0.56%/min (n ϭ 6). As previously reported (19) , this entry was completely blocked by isotetrandrine (Fig. 4B ), indicating that, at this concentration, Ca 2ϩ entry was entirely dependent upon the generation of arachidonic acid and therefore exclusively reflects the activity of I ARC . As previously reported (19) , [Ca 2ϩ ] i signals at such agonist concentrations are oscillatory in nature. At 10 M CCh, at which agonist-sensitive Ca 2ϩ stores are essentially maximally depleted, resulting in sustained elevated [Ca 2ϩ ] i signals, the Mn 2ϩ quench rate increased to 4.10 Ϯ 0.70%/min (n ϭ 6). This was only half of the ϳ140% increase predicted from the measured whole-cell currents, given that the two conductances are additive (predicted increase from 0.46 pA/pF to 1.10 pA/pF). More surprisingly, the rate of Mn 2ϩ quench at 10 M CCh was virtually unaffected by isotetrandrine (3.59 Ϯ 0.57%/min, n ϭ 6) (Fig. 4B) . This indicates that, at this concentration, Ca 2ϩ entry is predominantly due to the activity of I SOC , and no significant contribution from I ARC is detectable. To confirm this, the rate of Mn 2ϩ quench was determined in cells exposed to 1 M thapsigargin, a concentration that is known to induce maximal activation of I SOC (23) . Obviously, in the absence of any agonist, this quench rate would not contain any significant contribution from ARC channels. The rate observed (Fig. 4B) was essentially identical to the isotetrandrine-insensitive rate seen at 10 M CCh, which, we predicted above, specifically reflects the activity of the SOC channels. Clearly then, I ARC cannot be making any significant contribution to the overall Ca 2ϩ entry measured at high (10 M) CCh concentrations, where sustained elevated [Ca 2ϩ ] i signals are observed, indicating that, at this concentration, Ca 2ϩ entry is due to the activity of I SOC and no significant contribution from I ARC is detectable. 
Inhibition of I ARC by Sustained Elevations in Cytosolic Ca
2ϩ -This apparent absence of I ARC at the higher agonist concentration is curious, since no evidence of any decline in the activity of I ARC at such agonist concentrations (10 M CCh) was seen in our patch clamp data (see Fig. 4A ). Moreover, the generation of arachidonic acid, the activator of I ARC , continues to increase in a concentration-dependent manner over the same agonist concentration range (Fig. 4C) . Why then does I ARC appear to make no significant contribution to the entry of Ca 2ϩ at the higher agonist concentrations? The most immediately obvious difference between the experiments using whole-cell patch clamp measurements and Mn 2ϩ quench determinations in intact cells is that cytosolic Ca 2ϩ is clamped at zero in the whole-cell patch clamp experiments, while 10 M CCh induces a significant and prolonged elevation in [Ca 2ϩ ] i in the intact cell experiments. We therefore investigated the effects of internal Ca 2ϩ concentrations within the physiological range on both I SOC and I ARC . Although previous reports have shown that the archetypal SOC channel I CRAC fails to maximally activate in experiments where [Ca 2ϩ ] i was allowed to increase (e.g. by using low Ca 2ϩ buffer conditions in the pipette), Fierro and Parekh (45) have shown that this is not due to a direct Ca 2ϩ -dependent inhibition of the channel but rather to a failure to completely prevent Ca 2ϩ reuptake into the stores under these conditions. Indeed, even very high values of [Ca 2ϩ ] i (up to 100 M) failed to prevent the development of normal macroscopic current densities, provided that reuptake is prevented (45) . Consistent with this, we found that the steady-state magnitude of I SOC (activated by adenophostin A) was essentially unaffected by changes in cytosolic Ca 2ϩ within the range 0 -400 nM (Fig. 5A) . In marked contrast, the magnitude of the steadystate current through I ARC was profoundly affected by the same increases in cytosolic Ca 2ϩ . From a peak value at 100 nM Ca 2ϩ , the magnitude of I ARC declined dramatically as cytosolic Ca 2ϩ concentration increased, reaching a maximum inhibition of ϳ80% at concentrations above 250 nM (Fig. 5A ). Because this inhibition was so profound, determinations of the magnitude of I ARC at concentrations above 150 nM were problematic. To overcome this, we repeated these experiments in the nominal absence of extracellular divalent ions, where, in common with both I CRAC (9, 41, 42) and voltage-gated Ca 2ϩ channels (43, 44) , I ARC reveals a large monovalent cation permeability (23, 24) . The ϳ40-fold larger current carried by the channels in this mode (see Fig. 3D ) enabled more accurate determination of I ARC activity at the higher cytosolic Ca 2ϩ concentrations. The data obtained (Fig. 5B) were entirely consistent with the determinations of I ARC in its normal Ca 2ϩ -selective mode and confirmed the profound inhibition (by some 80%) of I ARC at 400 nM cytosolic Ca 2ϩ . Interestingly, the remaining Ca 2ϩ -insensitive current through the ARC channels (ϳ20% of the total ARC current) compares favorably with the small isotetrandrinesensitive component of the rate of Mn 2ϩ quench determined at 10 M CCh as described above (see Fig. 4B ). Thus, the overall rate of Mn 2ϩ quench was 4.10%/min, of which 0.51%/min was isotetrandrine-sensitive and presumably represents entry specifically via the ARC channels. This is equivalent to 21% of the measured Mn 2ϩ quench rate at 1 M CCh (all isotetrandrinesensitive) at which concentration I ARC is maximally activated. This value is essentially identical to the observed Ca 2ϩ -insensitive component of the current through the ARC channels. As yet, the precise mechanism responsible for this Ca 2ϩ -dependent inhibition of I ARC is unknown and must await further studies. However, it is clear that it cannot involve any action of Ca 2ϩ entering through the channel, since it is seen even when I ARC is carrying only monovalent cations (Fig. 5B) . Rather, it would appear to reflect an effect of the "global" cytosolic Ca 2ϩ concentration.
This marked effect of cytosolic Ca 2ϩ concentration clearly explains the virtual absence of any apparent I ARC activity at higher CCh concentrations (e.g. 10 M) in intact cells where a sustained elevation of [Ca 2ϩ ] i is observed (Fig. 4B ). Of course, even during the oscillatory [Ca 2ϩ ] i signals generated at low agonist concentrations, [Ca 2ϩ ] i is transiently elevated to levels that might be expected to significantly inhibit I ARC , but whether this occurs or not would depend on how rapidly the observed Ca 2ϩ -dependent inhibition of I ARC is initiated. That such inhibition does not occur is suggested by data demonstrating a constant (i.e. nonoscillating) rate of Mn 2ϩ quench during such oscillatory [Ca 2ϩ ] i responses (19) , a feature that has been reported in a variety of different cell types (18, 30, 46, 47) . As noted previously, such entry must reflect the activity of the ARC channels, since it is entirely dependent on the generation of arachidonic acid (see Fig. 4B ). To examine this more specifically, we used a protocol in which changes in the magnitude of I ARC could be followed during a switch from resting levels of [Ca 2ϩ ] i to a predetermined, elevated value of [Ca 2ϩ ] i using a combination of perforated patch and standard whole-cell modes. To increase the sensitivity of our measurements, I ARC was determined in its monovalent-permeable state (i.e. in the absence of extracellular divalent cations). The experiment was begun by determining the magnitude of I ARC in perforated patch mode using amphotericin B in the pipette solution. This antibiotic forms pores in the patch membrane that permit the equilibration of monovalent ions between the pipette solution and the cytosol (ensuring adequate voltage clamp conditions) but exclude divalent ions (e.g. Ca 2ϩ ). The cell therefore maintains its normal resting [Ca 2ϩ ] i under these conditions. The patch was then ruptured by brief application of suction to the pipette, allowing rapid equilibration of the cytosolic Ca 2ϩ with the predetermined buffered Ca 2ϩ concentration in the pipette solution. The time course of the change in the magnitude of I ARC in response to this change in [Ca 2ϩ ] i was then followed. Buffered Ca 2ϩ concentrations of 100 and 400 nM in the pipette solution were compared (Fig. 5C ). The data obtained show that the magnitude of the steady-state I ARC declines only slowly upon transition to the whole-cell mode, taking ϳ100 -120 s to reach completion. This does not reflect the slow equilibration of the Ca 2ϩ buffer system of the pipette solution with the cell interior, since experiments using fura-2 in the pipette indicated that equilibration was achieved within 10 -15 s after achieving whole-cell conditions. These data demonstrate that the brief increases in [Ca 2ϩ ] i associated with oscillatory signals (each typically lasting 25-30 s, of which only 10 -12 s involve levels of [Ca 2ϩ ] i of 150 nM or above; see Fig. 5D ) will be ineffective in inhibiting the activity of I ARC . Only under conditions of a prolonged elevation of [Ca 2ϩ ] i , such as seen following the sustained depletion of the intracellular stores and activation of I SOC , will I ARC be inhibited.
CONCLUSIONS
Our data demonstrate that SOC and ARC channels represent two coexisting but independent routes of receptor-stimulated Ca 2ϩ entry that are regulated in a unique and interrelated manner by increasing agonist concentrations. This is illustrated in Fig. 6 . At low agonist concentrations, specific stimulation of I ARC provides the Ca 2ϩ entry, which, together with the generation of low levels of InsP 3 , initiates and modulates the cyclical transient discharge and refilling of intracellular Ca 2ϩ stores, resulting in the generation of the characteristic oscillatory [Ca 2ϩ ] i signals. I SOC fails to activate under these conditions because the transient and/or partial discharge of the intracellular Ca 2ϩ stores is not able to generate an adequate "capacitative signal." This is consistent with our earlier observation that the [Ca 2ϩ ] i oscillations induced by low CCh concentrations are blocked by isotetrandrine (17, 19) . As the agonist concentration increases, increasing levels of InsP 3 in the cytosol cause the discharge of the stores to become more complete and prolonged, resulting in the activation of I SOC and the development of a sustained elevated level of [Ca 2ϩ ] i . This, in turn, serves to inhibit the activity of I ARC . The result is that the transition from an oscillatory [Ca 2ϩ ] i signal to a sustained [Ca 2ϩ ] i signal is associated with a switch in the predominant mode of Ca 2ϩ entry from the ARC channels to the SOC channels, thereby minimizing overall increases in the rate of Ca 2ϩ entry. This inhibition may be related, in part, to the "mutual antagonism" between capacitative and AA-dependent noncapacitative Ca 2ϩ entry recently reported by Luo et al. (48) . However, these authors were unable to identify the basis for their proposed antagonism, and their conclusions were based on the differential effects of Gd 3ϩ and 2-aminoethyoxydiphenyl borate, agents that are known to have multiple effects on various signaling pathway components and ion channels. Interpretation of their data is further complicated by the use of AA at 30 M, which, as already noted, greatly exceeds the critical micellar concentration for this fatty acid in saline. Indeed, these authors show that such concentrations of AA induce a marked release of stored Ca 2ϩ , an effect that is not seen at more physiologically meaningful concentrations (17, 19, 20) .
As already noted, previous observations had indicated that the addition of an agonist after full depletion of intracellular Ca 2ϩ stores with thapsigargin generally resulted in minimal changes in the cytosolic Ca 2ϩ signal. This was widely considered as key evidence arguing that the capacitative pathway represented the sole mechanism for receptor-activated Ca 2ϩ entry (28) . Importantly, the unique reciprocal mode of regulation we have now described explains why this interpretation is incorrect. Moreover, as we have demonstrated, it is the noncapacitative ARC channels that provide the predominant route for the agonist-activated entry of Ca 2ϩ at low, presumably physiologically relevant, levels of stimulation. An additional important point to note is that the fact that the two pathways ARC and SOC represent spatially distinct entities with independent activation at different agonist concentrations may well have implications for the specific activation of different targets within the cell. Indeed, as already mentioned, we have previously demonstrated that certain Ca 2ϩ -sensitive adenylyl cyclases, while specifically regulated by Ca 2ϩ entering via the capacitative pathway (26) , are completely unaffected by Ca 2ϩ entering via the arachidonate-regulated noncapacitative pathway (27) . It follows that the appropriate targeting of different Ca 2ϩ -sensitive effectors in close proximity to either the ARC channels or the SOC channels could result in the specific activation (or inhibition) of these effectors at different agonist concentrations independently of the overall changes in cytosolic Ca 2ϩ levels.
